The World Health Organization (WHO) estimates that approximately 240 million people in 78 countries require treatment for schistosomiasis, an endemic disease caused by trematodes of the genus Schistosoma. In Brazil, Schistosoma mansoni is the only species representative of the genus whose passage through an invertebrate host, snails of the genus Biomphalaria, is obligatory before infecting a mammalian host, including humans. The availability of the genome and transcriptome of B. glabrata makes studying the regulation of gene expression, particularly the regulation of miRNA and piRNA processing pathway genes, possible. This might assist in better understanding the biology of B. glabrata as well as its relationship to the parasite S. mansoni. Some aspects of this interaction are still poorly explored, including the participation of non-coding small RNAs, such as miRNAs and piRNAs, with lengths varying from 18 to 30 nucleotides in mature form, which are potent regulators of gene expression. Using bioinformatics tools and quantitative PCR, we characterized and validated the miRNA and piRNA processing pathway genes in B. glabrata. In silico analyses showed that genes involved in miRNA and piRNA pathways were highly conserved in protein domain distribution, catalytic site residue conservation and phylogenetic analysis. Our study showed differential expression of putative Argonaute, Drosha, Piwi, Exportin-5 and Tudor genes at different snail developmental stages and during infection with S. mansoni, suggesting that the machinery is required for miRNA and piRNA processing in B. glabrata at all stages. These data suggested that the silencing pathway mediated by miRNAs and piRNAs can interfere in snail biology throughout the life cycle of the snail, thereby influencing the B. glabrata/S. mansoni interaction. Further studies are needed to confirm the participation of the small RNA processing pathway proteins PLOS ONE | https://doi
Introduction transcripts can be sense or antisense [41, 42] . Studies have shown that Piwi proteins act in association with proteins containing a TUDOR domain, and this association is necessary for the normal function of the Piwi protein in the biogenesis of piRNAs [39, [43] [44] [45] .
Recently, an international consortium sequenced, analyzed and published the whole genome and transcriptome of B. glabrata [46] . The genome data was deposited in VectorBase (https://www.vectorbase.org/organisms/biomphalaria-glabrata) [46] [47] [48] . The study focused on the B. glabrata genome analysis providing novel details on the biological properties of B. glabrata. The authors predicted 14,423 gene models. These genes are involved in several biological processes such as stress responses, immune function and regulation of gene expression. Particularly, the authors identified nine genes responsible for miRNAs and piRNAs processing machinery. These pathways may assist in our understanding of the biology of B. glabrata and its relationship with the parasite S. mansoni. In Brazil, B. glabrata is the most important species in the transmission of S. mansoni [49] . All strains of this species are susceptible to infection by S. mansoni [50] . Some aspects of this interaction are still poorly explored, including the participation of small RNAs in the biology and interaction between B. glabrata and the parasite S. mansoni [50, 51] .
Despite the great potential for understanding the parasite life cycle, neither the role of small RNAs in schistosomiasis nor the role of small RNAs in the intermediate host have been well explored. In S. mansoni, the processing pathway of miRNAs has been characterized with differential gene expression of Argonaute and Dicer genes [52] , and putative miRNAs have been identified through cloning, sequencing and bioinformatics techniques; interestingly, the piRNAs machinery was not observed in S. mansoni [52] [53] [54] . Although there are studies in the literature involving gene silencing by siRNAs in B. glabrata [46, 55, 56] , this is the first time that the small RNA processing machinery in B. glabrata has been characterized and validated.
Our aims were to characterize by bioinformatics techniques and validate by qRT-PCR miRNA/piRNA processing pathway genes in B. glabrata. We hypothesized that the small RNA processing pathway genes are conserved in B. glabrata and that the genes participate in S. mansoni infection by interfering directly with the gene expression profile of the snail.
Materials and methods

Conserved domain and phylogenetic analyses of miRNA and piRNA pathway genes
The putative B. glabrata genes involved in the miRNA and piRNA pathways, their respective proteins sequences and their annotation were retrieved from the B. glabrata genome database in VectorBase (https://www.vectorbase.org/organisms/biomphalaria-glabrata) (S1 Table) . They were underpinned by Pfam (30.0) and CDD databases to search for conserved domains, motifs and active site amino acids. The genes orthologous to Bgl-Argonaute, BglPiwi, Bgl-Dicer and Bgl-Drosha were searched in the NCBI Refseq database using Blastp to obtain their homologs from animal species. The best hits from protostomes and deuterostomes animals and from S. mansoni host animals were retrieved in amino acid fasta format. Multiple alignments of those sequences were done using ClustalX 2.1 [57] , and phylogenetic analyses were carried out using MEGA 5.2 [58] . Phylogenetic trees based on the analyses of those sequences were inferred using the neighbor-joining method [59] , and the evolutionary distance was computed using the JTT model [60] . The bootstrap consensus tree inferred from 1000 replicates was used to represent the evolutionary history of the taxon analysed [61] .
Biological samples
B. glabrata snails (Belo Horizonte strain-056/2012/SECEX/CGEN) were obtained from Moluscario Lobato Paraense at the Rene Rachou Research Center. The snails were chosen according to their sexual stage. Specimens up to 18 days after hatching were considered sexually immature and after 20 days were considered sexually mature. For infection assays, sexually mature snails from 7 to 15 mm in size were infected individually with 10 miracidia of S. mansoni strain LE and maintained for 3 hours under artificial light. After that, the snails were maintained in an aquarium. A total of 30 snails for each time point, with different S. mansoni infection time were obtained: 4 hours, 12 hours, 24 hours, 7 days, 15 days, 21 days and 30 days after infection covering all the stages of development of S. mansoni in the snail. For control, snails were maintained in the same condition without infection for each time point. A group of infected snails was maintained for 38 days, being exposed to artificial light at the end of this period to confirm the cercariae elimination, with an infection success rate of over 74%.
RNA preparation and quantitative real-time PCR
Total RNA was isolated and real-time RT-PCR assays were performed. Whole snails, including the hemolymph, were frozen in liquid nitrogen, macerated and used for total RNA extraction. After homogenizing with 1 ml Tri Reagent 1 (Sigma-Aldrich) the samples were treated with TURBO DNA-free (Ambion) and quantified using NanoDrop as recommended by the manufacturer. The RNA quality was analysed with a bioanalyzer (Agilent), and all the samples showed adequate quality. For synthesis of cDNA, we used the High-capacity Kit (Life Technologies™) according to manufacturer instructions. The primers used in q-PCR assays are shown in S2 Table, and their products in 2% agarose gels are shown in S1 Fig. All primers were designed using the program GeneRunner
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. RNA that was not reverse-transcribed and without cDNA was used as a negative control. The qRT-PCR assays were performed using Power SYBR Green Master Mix (Invitrogen). The efficiency for each pair of primers was evaluated using Applied Biosystems 7500 software with serial dilutions of 1:1, 1:2, 1:4, 1:8, 1:16 and 1:32. After efficiency analysis only Bgl-Argonaute, Bgl-Drosha, Bgl-Piwi, Bgl-Exportin-5 and BglTudor genes presented R 2 ! 0,985 and efficiencies from 90 to 110% following for PCR assays [62] . For all investigated transcripts, three biological replicates were performed and gene expression levels were normalized using the myoglobin transcript according to the 2 -ΔΔCt method [63] . Statistical analyses among different groups for each gene were performed using the One-Way Anova, with Tukey test as post-hoc test on GraphPad Prism 1 5.0 (GraphPad Software, Inc., San Diego, USA). Values of p 0.05 were considered statistically significant and are denoted with asterisks in the figures.
Sanger sequencing
Sanger sequencing of PCR products was performed for primers validation [64, 65] . The CAP3 algorithm (http://doua.prabi.fr/software/cap3) was used for sequence assembly and contig analysis [66] . Blastn and Clustal X 2.1 were used to analyze and confirm the miRNAs and piRNA pathway genes amplification.
Results
Characterization of putative miRNAs and piRNA pathway proteins: Alignment and phylogenetic analysis
The putative B. glabrata proteins involved in the miRNAs and piRNA pathways were retrieved from Vectorbase and used to find homologous proteins from other organisms in the NCBI RefSeq protein database. We selected Bgl-Argonaute (S3 Table) , Bgl-Piwi (S4 Table) , BglDrosha (S5 Table) and Bgl-Dicer (S6 Table) for further in silico analysis. The best orthologous protein Blast hits from Protostomes, Deuterostomes and S. mansoni host species were retrieved for further analyses. Our studies showed that the B. glabrata small RNA pathway proteins Bgl-Argonaute and Bgl-Piwi have the same catalytic site amino acid residues involved in slicer function as the model organisms, D. melanogaster and C. elegans. In the alignments of Bgl-Argonaute and BglPiwi (Fig 1) and their orthologous proteins, the catalytic amino acids DDH (aspartic acid, aspartic acid and histidine) of the PIWI domain, which are important for cleavage of longer miRNA precursors [67, 68] , were highly conserved. Bgl-Drosha and Bgl-Dicer (Fig 2) had RIBOc domains with conserved residues EDDE (glutamic acid, aspartic acid, aspartic acid, glutamic acid), which are important for the cleavage of miRNA precursors [13, 69] . The sequence for Bgl-Drosha did not contain a second RIBOc domain, probably due to lack of coverage in the sequencing of this genome region. Future genome versions might solve this issue. These results provide strong evidence that small RNAs pathway genes are present in the B. glabrata genome and play a similar function in the snail cells compared to their orthologues.
The proteins Bgl-Argonaute (855 aa), Bgl-Piwi (854 aa), Bgl-Drosha (1128 aa) and BglDicer (2165 aa) were analysed using the Pfam database, and they displayed a conserved domain distribution compared to their orthologues (Fig 3) .
To evaluate the evolutionary history of B. glabrata small RNA pathway proteins, a phylogenetic tree was generated using the neighbor-joining method with high bootstrap values (1000). Relative gene expression profile analysis by quantitative real-time PCR After characterizing B. glabrata small RNAs genes by bioinformatics analyses, we validated the results using real-time PCR targeting five genes, Bgl-Argonaute, Bgl-Piwi, Bgl-Drosha, BglExportin-5 and Bgl-Tudor. Initially we aimed to uncover the gene expression profiles of these genes across several stages of snail development. For that, we selected the following development times: egg mass, and 5, 10, 20 and 40 days after hatching. The first time point was used as a control. These times were selected to include sexually immature and mature snails to cover a wide span of the life cycle. The sexual maturation of B. glabrata is very variable, but in general, the snail is considered mature when oviposition begins, which normally starts at 7 weeks of life, as was reported by Pimentel (1957) [70] . In the Moluscario Lobato Paraense, we observed that B. glabrata displays sexual maturation after 20 days, which is different of other species, such as B. tenagophila, which displays sexual maturation from 40 to 47 days. Based on these observations, time points at 5 and 10 days were chosen to represent immature snails, and the 20 day time point to represent the beginning of sexual maturation. These times represent an important range of snail development and, all these were compared to egg mass as control. Thus, we were able to confirm differential gene expression at different B. glabrata development Expression of small RNA processing pathway genes in B. glabrata times. The relative expression of genes (Fig 6) displayed an interesting profile that showed the important participation of these genes in snail development. The Bgl-Tudor profile was very intriguing because this gene was always down regulated. As Tudor is an important gene in both miRNA and piRNA pathways [43, 44] its role is probably strongly linked to regulating the gene expression of small RNA machinery genes in B. glabrata.
After confirming the importance of the small RNA pathway in snail development, we asked the following: does the infection by S. mansoni interfere with the gene expression of small RNA pathway genes in B. glabrata? For this, we proposed to study seven chronologically important moments during the process of infection by S. mansoni. The first moment was 4 hours after infection because it marks the first reactions of snail to S. mansoni penetration. The next 12 and 24 hours are important because they represent the first S. mansoni transformation within the snail body. At 7 days, S. mansoni uses several strategies to escape the immunologic responses of the snail [71, 72] . At 15 and 21 days, which marks a remarkable period for the interaction, the parasites undergo modifications to transition from primary to secondary sporocysts and start moving to the digestive gland of the snail. At 30 days, the snail begins the cercariae elimination. All these time points are well known and were chosen to cover a wide range of development stages of the parasite within the snail host [71] [72] [73] [74] . Duplicate control groups for all infection time points were included using uninfected snails to control for gene expression. We observed differential expression for Bgl-Argonaute, Bgl-Drosha, Bgl-Piwi, Bgl- Exportin-5 and Bgl-Tudor throughout all infection times (Fig 7) . The behaviour of B. glabrata genes at different time points during infection was very interesting, especially at 4 hours after infection, when all the genes showed strong down-regulation. The migration and transformation of parasites within snails conferred similar expression profiles among genes.
Sequencing of the PCR products
The PCR products were sequenced by the Sanger method. This was important to confirm the amplicon used to measure gene expression. For analysis, we used the CAP3 algorithm (http:// doua.prabi.fr/software/cap3). The contigs (S7 Table) were compared using the Blastn and Expression of small RNA processing pathway genes in B. glabrata RefSeq NCBI databases, using only the reference organisms D. melanogaster and C. elegans. All genes were the same as designed, confirming the B. glabrata genome sequence.
Discussion
Recently, Adema et. al (2017) , in the whole B. glabrata genome paper, predicted the putative small RNA pathway genes in the international collaborative work consortium among researches worldwide, aiming to decode the snail genome. In our study, instead of prediction through sequencing and in silico analysis, we had characterized and validated those genes for putative small RNA pathway in different snail life times and in infection conditions through RT-qPCR study. Additionally, we identified and validated another important gene involved in miRNA biogenesis, the Exportin-5, which was not identified in genome initiative.
In B. glabrata, we showed the participation of small RNAs pathway genes at crucial moments of the snail life cycle and in interaction with the S. mansoni parasite. First, we retrieved the B. glabrata small RNA pathway genes and their respective putative proteins from VectorBase. The Bgl proteins were compared with their orthologues from different organisms, showing high similarity at the amino acid level. We showed that Bgl-Argonaute and Bgl-Piwi had 855 and 854 amino acids, respectively, and the PIWI domain had, in both, 292 amino acids with catalytic residues DDH [1, 67] . These residues are highly conserved and very important for slicer activity of the PIWI domain [68, 75, 76] . They are responsible for cleaving the complementary strand, preserving the strand guide and binding the magnesium ion [77, 78] . The concentration of this ion is critical for the function of the silencing process [77] .
Proper function of the small RNA processing pathway depends directly on the RNases III enzymes, Drosha and Dicer and their absence might promote the occurrence of numerous disorders [69, 79] . In B. glabrata, the sequence of the putative Drosha gene might not be complete because a second Riboc domain was not found. Bgl-Drosha had a sequence of only 1128 amino acids. Other sequencing attempts may be necessary to complete this missing region. However, the first Riboc domain contained all the important catalytic residues D and E (aspartic acid and glutamic acid) [12, 13, 80] . Drosha, in association with DGCR8, has been identified as important for cleavage of pri-miRNA to pre-miRNA [13] . We were not able to identify and characterize DGCR-8 gene in B. glabrata.
The alignment and phylogenetic tree of Bgl-Dicer confirmed the same RNase III properties found in their orthologues. Bgl-Dicer has 2165 amino acids and two complete Riboc domains. The important residues, EEDD in the first domain and QEDDE in the second domain, demonstrated the capacity of Bgl-Dicer to bind with magnesium ions and cleave the pre-miRNAs to create a double strand RNA, miRNA duplex [13, 69, 79] .
The results confirmed that B. glabrata has the genes involved in miRNA and piRNA processing pathways and that these genes have all the domains and amino acids residues important for normal function as observed in their orthologous organisms. To validate these genes, we performed real-time PCR assays and sequencing. We determined the gene expression profile of some miRNA and piRNA pathway genes at different time points in the snail life cycle. We also evaluated the role of infection by S. mansoni on the expression of B. glabrata miRNA and piRNA pathway genes. The studies involving small RNA pathway genes were previously performed in the S. mansoni and some genes displayed differential expression during Relative gene expression of B. glabrata at several time points of infection by S. mansoni using uninfected snails at the same time points as a baseline. A-Argonaute was significantly down-regulated 4 hours after infection compared to 24 hours, 7 days and 21 days after infection; B-Piwi was significantly down-regulated at 4 hours compared to 24 hours and 7 days but was significantly upregulated at 7 days compared to 15 days; C-Drosha was significantly down-regulated at 4 hours compared to 12 hours and 7 days but was significantly up-regulated at 7 days compared to 30 days; D-Exportin-5 was significantly down-regulated at 4 hours compared to 7 days and 21 days; and significantly up-regulated at 21 days compared to 15 and 30 days; E-Tudor was significantly down-regulated at 4 hours compared to 24 hours and significantly down-regulated at 12 hours compared to 24 hours and 30 days.
https://doi.org/10.1371/journal.pone.0181483.g007
Expression of small RNA processing pathway genes in B. glabrata schistosomula development [52, 53], but, for that time none of the genes was characterized in the vector.
As showed in S1 Fig, all the tested genes were expressed in B. glabrata. However, only BglArgonaute, Bgl-Piwi, Bgl-Drosha, Bgl-Tudor and Bgl-Exportin-5 genes were tested because they were the only ones to meet the requirements for real-time PCR, including amplification efficiency [62] . The gene expression profile at different time points in the snail life cycle (5, 10, 20 and 40 days of snail development time) showed strong variation among the samples, suggesting important roles for the small RNA pathway genes at several points in the life cycle of B. glabrata.
Bgl-Argonaute was significantly up-regulated at 20 days of development compared with 5 days (Fig 6A) . This indicates that a larger demand for miRNAs occurs during the sexual maturation process. A similar profile was observed for Bgl-Drosha (Fig 6C) , but at the same time, Bgl-Exportin-5 ( Fig 6D) was strong down-regulated. Exportin-5 is responsible for exporting the pre-miRNA from nucleus to the cytoplasm [14, 15] and up-regulation of Bgl-Drosha and Bgl-Argonaute was expected to correlate with Bgl-Exportin-5 up-regulation. Taken together, these data suggests that in B. glabrata the expression of miRNAs processing pathway genes probably is not synchronized. Bgl-Argonaute and Bgl-Drosha (Fig 6A and 6C) were up-regulated at 10 and 20 days, showing relation to snail sexual maturation, since oviposition begins at 20 days. The role of Argonaute in gene silencing has been already shown as important for animals development [68, 81, 82] and, Drosha activity is essential for the animal survival [83] , but only Argonaute gene was significantly up-regulated at day 20 compared to day 5.
Previous findings has already evidenced that PIWI protein is associated with reproduction and is mainly presents in germ line cells, acting in the control of transposons [41, [84] [85] [86] [87] [88] . Our results are consistent with those findings, since we showed that Bgl-Piwi was up-regulated at 40 days of development (Fig 6B) , the period of the highest egg production in the snails studied. In contrast, Tudor, which is closely related to Piwi and involved in the primary processing of piRNAs and repression of transposons [44, [89] [90] [91] [92] , was down-regulated in B. glabrata at all times analysed, suggesting the intriguing possibility that this gene might participate in the piRNA pathway of B. glabrata. However, Tudor is related to the control of gene transcription by epigenetic processes [44, 89] . Perhaps the consistent down-regulated profile is related to the need to maintain the expression of important genes for snail development, or it may be related to the regulation of both miRNA and piRNA pathways [32] .
Bgl-Piwi (Fig 6B) was significantly down-regulated at 5 days compared to 10 and 40 days, showing the importance of this gene in adult stages of snails. This time point has special importance, because there is a large production of eggs, and Piwi is strongly associated with reproductive periods in animals [86] . Bgl-Exportin-5 ( Fig 6D) was up-regulated at 10 and 40 days, representing juvenile and adult stages respectively and, thus reinforcing the idea that miRNAs are very important at all the stages of development, considering that Exportin-5 is crucial for their production [32] . At all times, Bgl-Tudor showed the same profile, except at 10 days, when it was strongly down-regulated. Tudor is important for processing miRNAs [44] and mainly piRNAs, and this expression pattern reflects the important role of Bgl-Tudor in the snail.
After confirming that the small RNA pathway is important for snail development, we also evaluated the influence of infection of B. glabrata by S. mansoni on gene expression of miRNA and piRNA pathway genes. Regarding to this, we observed that at 4 hours after infection, all the genes showed a resilient subexpression (Fig 7) . At this specific time point, the miracidia, ciliated larval stage of S. mansoni, have already transitioned into primary sporocysts, still retained near the penetration site [72, 73] and their presence may interfere with the gene expression of small RNAs machinery. It was already known that the moment of parasite penetration in the snail is marked by considerable damage to the snail tissues and also by intense morphological and functional modifications of the parasite to survive in the hostile environment [74] , regulation of small RNA pathway genes is probably one of the main mechanisms orchestrating this relationship.
Our results showed a highly variable profile of expression between 12 hours and 7 days after infection for all genes. These findings reinforced the idea that the establishment of infection is highly traumatic to the snail, and it can even lead it to death [71, 72] . In this period, S. mansoni develops several strategies to scape the immune system of the snail, including mimicking membrane molecules of the snail [93, 94] . The actions of the parasite probably greatly influence the expression of the machinery of small RNA genes, favoring the infection process.
A new, important event was observed at 15 and 21 days after infection for all the genes, which is probably due to the immune system of the snail responding to S. mansoni transitioning from primary sporocysts to secondary sporocysts [73, 74, 95] . During this period, intense transformation and migration of sporocysts to the digestive gland occurs [72, 95] , and miRNA machinery genes were down-regulated at 15 days and up-regulated at 21 days. On the other hand, the piRNA machinery genes Bgl-Piwi and Bgl-Tudor were down-regulated, suggesting that the under-expression of piRNAs favors the susceptibility of B. glabrata by S. mansoni.
Another important point was the fact that the Bgl-Argonaute, Bgl-Drosha and Bgl-Exportin-5 genes, which are associated with miRNA machinery, showed strong subexpression at 30 days after infection, whereas Bgl-Piwi and Bgl-Tudor genes, which are associated with the piRNA machinery, had only slightly down-regulated profile. Previous studies have shown the absence of piRNAs in S. mansoni [52, 53] . Therefore, it is possible that there is a relationship between the susceptibility of B. glabrata to infection by S. mansoni and the piRNAs machinery.
These results strongly suggested important roles for small RNAs in the S. mansoni infection process, directly affecting the relationship susceptibility/resistance of B. glabrata to S. mansoni. The role of miRNAs in different infection processes has been widely studied and showed to promote or inhibit the infection [96] [97] [98] . Our results suggested that genes of the miRNA and piRNA machinery, when down-regulated, favors susceptibility of B. glabrata to infection by S. mansoni, and probably some small RNAs are closely involved with susceptibility/resistance during this process. However, more additional studies need to be made to understand better this relationship.
Conclusion
Our data showed that the silencing pathways mediated by miRNAs and piRNAs are present in B. glabrata and, is able to interfere in snail biology throughout its life cycle, by interfering in the B. glabrata/S. mansoni interaction process. Complementary studies are already being conducted by our research group aiming to confirm the participation of the predicted proteins of the miRNA and piRNA pathway in the parasite/host relationship. Our particular interest on this subject is reinforced by the fact of S. mansoni does not express piRNAs, and further the genes involved in the piRNAs biogenesis are present in B. glabrata, but they show significantly down-regulation at crucial moments of infection, such as wile worm transformation to sporocysts stage as well as its migration through the snail body of sporocysts. 
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